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20.  ABSTRACT  fCMUMM  on  MWfM  If  ntcMtur  an?  lionttly  by  Mnc*  numb, t)  "  i 

The  mixed-valence  iron(II,III,III)  acetates,  [Fej6(CH.C02)gLi] ,  where  \ 

L-  water  or  pyridine,  have  been  prepared  and  studied  by  Mossbauer,  Infrared,  end  I 

optical  spectroscopy  and  magnetic  susceptibility  methods.  Variable-temperature 
magnetic  susceptibility  data  for  the  aquo  complex  are  iQterpr&ted  on  the  basis  . 
of  HPVV  2,  sj  ■  Sj  ■  5/2  spin  exchange  model  with  “  ^50.0  y~5 0  C-** 

and\TjL  ■c^l4~.5.  An  Intervalence  transfer  band  is  observed  at  p. 38006  caTV 


»//V* 


l/t 3  Wf  C  h 
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20.  Abstract  j 

^in  the  room  temperature  electronic  spectrum  of  the  aquo  complex.  Mossbauer 
spectra  of  these  compounds  are  markedly  temperature  dependent.  At  17K 
absorptions  due  to  distinct  Fe(II)  and  Fe(III)  sites  are  observed  while  at 
300  K  a  single  absorption  is  observed.  Spectra  at  Intermediate  temperatures 
are  modeled  by  assuming  intratrlmer  electronic  relaxation  between  pairs  of  iron 
ions.  The  activation  energy  for  relaxation  derived  from  this  model  la  g75T  cm~* 
for  the  aquo  complex.  1  This  energy  is  equal  to  the  barrier  to  intramolecular,! 
intervalance  thermal  electron  transfer, 


;/  10 
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Many  transit ion  metal  ions  form  carboxylate  complexes  which  have  the  basic  iron 
acetate  structure.^  These  complexes,  of  general  formula  [M3Q(RCQO)kL3]— where  jL  is 
a  neutral,  monodentate  ligand,  contain  a  triply-bridging  oxide  ion  at  the  center  of  a 
(generally  equilateral)  triangular  array  of  metal  ions.  The  electronic  and  structural 
properties  of  many  of  these  compounds  with  (n»l)  have  been  studied.  By  contrast, 

I 

few  mixed-valence  complexes  with  this  structure  have  been  studied  in  detail.  Of  these, 

2  ^7+ 

Ru30(CH3C02)6CPPh3)3  and  Mn30 (CH3C02 ) g  (C^l^N ) 3 ,  which  formally  contain  Ru  ’  and 

2  67+  29 

ttn  ,  have  been  examined  by  single-crystal  x-ray  crystallography  *  and  both  were 

found  to  contain  equivalent  metal  ions.  This  structural,  equivalence  suggests  that 

complete  electron  delocalization  occurs  within  the  MjO  framework.  In  addition,  ESCA 

measurements  are  consistent  with  complete  electron  delocalization  in  several  similar 

A 

ruthenium  clusters. 

Although  these  experiments  suggest  that  these  materials  are  Robin  and  Day"*  Class 
III-A  compounds,  it  has  not  been  possible  to  distinguish  between  complete  delocaliza¬ 
tion  (Class  III-A)  and  thermally  activated  charge  transfer  (Class  II)  in  the  Ru  and  Mn 
compounds.  By  contrast,  the  mixed-valence  iron(H,III,III)  acetates,^  [FejOfcHjCOj^Lj], 
where  L  -  H^O  or  C^H^H,  are  complexes  in  which  the  dynamics  of  electron  transfer 
be  directly  probed  by  variable-temperature  ^Fe  MBssbauer  spectroscopy.  These  com¬ 
plexes  have  been  studied  by  Lupu  and  co-workers^  ^  who  have  shown  that  they  are  Class 
II  mixed-valence  systems,  because  both  lron(II)  and  iron(Ill)  quadrupole  doublets  were 
observed  in  their  low-temperature  MBssbauer  spectra.  However,  at  room  temperature  only 

a  single  MBssbauer  absorption  was  obs'.ved  suggesting  that  thermal  electron  transfer 

—8 

was  fast  on  the  time  scale  wf  the  MBssbauer  experiment  (10  s) .  Because  the  experiments 
of  Lupu  were  cat r led  out  over  a  limited  temperature  range,  and  becuase  no  detailed 
interpretation  of  the  resulting  spectral  changes  was  advanced,  we  have  re-examined  these 
compounds.  The  temperature  dependence  of  the  MBssbauer  spectrum  of  this  oomplex,  which 


3 


we  report  bexe,  provides  a  unique  opportunity  to  obtain  information  on  the  energetics 
and  dynamics  of  electron-transfer  in  a  mixed-valence  complex. 

Experimental  Section 

'VWWWWWV/VWWWV 

All  chemicals  used  were  reagent  grade  unless  specified.  Pyridine  was  dried  by 
refluxing  with  solid  MaOH  and  purified  by  fractional  distillation. 


[Fe  (II)Fe(III)  20(aLjC00)g  (HjO) 3] .  y^-Oxo-triaquohexakis  (acetato)  iron  (II)  diiron 
,VWWWWWW\iWW\/2vW\^VWW\/\.  t  g 

(III)  was  prepared  according  to  a  modification  of  the  method  of  Chretien  and  Lous •  A 

solution  of  60  g  (0.30  mole)  of  FeCl2’4H20in  200  mL  of  water  was  placed  in  a  2000  niL 
round  bottom  flask.  A  suspension  of  111.4  g  (0.63  mole)  of  Ca (CH^CC^ ) 2 * H2°  ^  178 
of  H20  and  378  mL  (6.3  moles)  of  concentrated  acetic  acid  were  added.  The  reaction  mix¬ 
ture  was  continuously  aerated,  heated  to  70°C  and  maintained  at  that  temperature  for  six 
hours.  A  reflux  condenser  kept  evaporation  to  a  minimum.  The  mixture  was  cooled  to  room 
temperature  and  the  black  crystalline  precipitate  collected  by  centrifugation.  The 
product  was  washed  twice  with  50  mL  of -0.083  M  acetic  acid,  centrifuged  and  dried  under 
high  vacuum.  The  product  was  stored  in  a  sealed  vial  under  nitrogen  in  a  desiccator 
filled  with  nitrogen;  yield  41. 7g  (69.11)  Anal.  Calcd  for  ci2re3H24°16 :  C*  Fe» 

28.31;  H,  4.09.  Found:  C,  24.16;  Fe,  27.90;  H,  4.14. 

tFe(li)Fe(III)2O(CH3C0O)6(C5H5N)3](C5H5N)0  y  y-j-Oxo-trispyridinehexakis (acetato) 
vvwwwwwwvwwwwvwv&^/wvwwwwwv 
iron(II)dllron(lII)hemipyrldine  was  prepared  according  to  a  modification  of  the  method 

of  Lupu  and  Ripen.8  [Fe(n)Fe(III)2O(CH3CO0)6(H20)3)  (8.5g,  0.0144  mole)  was  mixed  with 

50  mL  of  pyridine  which  had  been  saturated  with  nitrogen  gas  in  a  nitrogen  atmosphere. 

After  twenty  minutes  of  constant  stirring,  the  black  crystalline  product  was  collected 

by  filtration  and  dried  under  high  vacuum.  The  product  was  stored  in  a  sealed  vial  under 

nitrogen  in  a  desiccator  filled  with  nitrogen;  yield  6.45g  (55.1%) .  Anal.  Calcd  for 

C29  5*«3H35  5H3  5<>13;  C,  43.49;  Fe,  20.57;  H,  4.39;  N,  6.02.  Found:  C,  43.13;  Fe,  20.55; 


-  ■>«  * 


4 


H,  4.24;  N,  6.06. 

^SR^tlc  susceptibilities,  elemental  analyses,  Mbssbauer 

spectra  and  calculations  were  performed  as  described  in  the  preceding  work.**  Mbssbauer 

spectra  were  deconvoluted  to  a  sum  of  Lorentzian  absorptions  plus  parabolic  baseline 

12 

with  a  program  described  by  Lang  and  Dale.  Electronic  spectra  were  obtained  on  a  Cary 
14  spectrophotometer  with  samples  dispersed  in  Fluorolube  grease  (GR-90' ,  Hooker  Chemical 
Company),  between  quartz  plates  or  dispersed  in  thin  films  of  polystyrene. 


Although  to  date  no  complete  crystal  structure  has  been  re¬ 
ported  for  either  the  mixed-valence  acetate  aquo  complex  or  its  pyridine  adduct,  the 

3 

pyridine  adduct  has  been  reported  to  be  isostructural  with  the  manganese  analog.  Be¬ 
cause  the  manganese  complex  contains  an  equilateral  triangle  of  metal  ions,  it  is  prob¬ 
able  that  this  geometry  holds  for  the  aquo,  as  well  as  the  pyridine,  iron  complex.  How¬ 
ever,  as  shown  by  the  Mbssbauer  spectra  (vide  infra) ,  on  some  time  scale  the  iron  sites 
are  electronically  distinguishable.  Consequently  the  system  may  be  treated  in  the  Hel- 

senberg-Dirac-Van  Vleck  (HDW)  formalism  as  an  1“— tr*B**'.  As  described  by 

13 

Kambe,  the  appropriate  spin  Hamiltonian  is: 


H  -  -ZJ&fSj  +  S2-S3)-J’  (Sj-Sj),  (1) 

where  J_  *»  Fe(II)-Fe(IlI)  exchange  parameter 

J,'  “  Fe(III)-Fe(IlX)  exchange  parameter 
■  spin  on  the  individual  ion  : 

S2  :  Fe(II)). 

The  expression  for  the  energy  (eq  2)  of  each  spin  state  can  be  derived  in  the  normal 
14 

manner. 


E(S*,S’)- 


2ZJ  [S' <S ' +1 )-S * (S*+l )  ]  -ZJ ' [ S* (S*+l ) ] 
n-i  n-I 


(2) 


5 


where 

£(S* »•§.')  ”  energy  of  a  spin  state 

Z  •  number  of  nearest  neighbors  (=2) 

n,  ■  number  of  interacting  paramagnetic  ions  (“3) 

S*-  Sj-Wj,  Sj+J^-l . o 

s'-  s*+s 2 ,  S*+S2-l . 0 

When  the  energies  are  substituted  into  the  appropriate  molar  susceptibility  partition 

e  a 

function  ,  the  result  is  the  working  expression  for  the  theoretical  molar  suscepti¬ 
bility,  eq  3.  We  have  Included  this  equation  because  it  disagrees,  in  several  terms, 
with  that  which  has  previously  been  reported  by  Lupu. ^ 

Lupu^  measured  the  susceptibility  of  the  aquo  complex  over  the  range  of  94-296  K. 
Exchange  parameters  were  obtained  by  finding  the  best  fit  of  the  ecperimental  suscepti¬ 
bility  to  the  (incorrect)  theoretical  expression  at  a  single  temperature.  This  pro¬ 
cedure,  repeated  at  two  other  temperatures,  led  to  exchange  parameters  which  were  them¬ 
selves  temperature  dependent;  that  is,  the  values  of  J  ranged  from  +2.8  cm  1  at  101  K  to 
-10  cm  *  at  288  K.  We  have  measured  the  susceptibility  over  the  range  17-294  K.  The 
data  are  given  In  Table  1^  and  shown  graphically  in  Figure  1.  Over  the  coincident 
temperature  range,  the  data  are  in  excellent  agreement  with  those  reported  by  Lupu.  The 
data  have  been  fit  to  eq  3  by  employing  the  Simplex  minimization  algorltm.^*^  The 
best  fit,  assuming  £  -  2.00,  is  shown  as  the  solid  curve  in  Figure  1.  The  calculated 
values  of  the  exchange  parameters  are  J  “  -50.0  and  J '  "  -14.5  cm  “  3.47). 

Although  a  direct  comparison  of  exchange  parameters  in  similar  lron(III)  compounds  Is 
difficult  to  make  these  values  have  an  average  near  that  of  for  example,  [Fe^0(CH^CO2)^ 
(KUO) ^]C10^ . ^  The  success  of  eq  3  at  describing  the  susceptibility  of  the  aquo  complex 
suggests  that  it,  like  the  pyridine  complex,  does  adopt  the  basic  iron  acetate  structure. 

The  relatively  much  stronger  Fe(XI)-7e(IIl)  exchange  integral  reflects  in  part  the 
greater  number  of  pathways  available  for  this  exchange.  Its  larger  value  is,  moreover, 
consistent  with  the  MBssbauer  results  (vide  Infra)  which  demonstrate  that  electronic 
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relaxation  between  Fe(II)  and  Fe (111)  sites  is  much  more  facile  than  that  between 
Fe(lll)  and  Fe(lll)  sites. 

The  pyridine  complex  has  a  temperature-dependent  susceptibility  which  is  similar 
to  the  aquo  complex.  The  data,  and  best  fit  to  eq  3,  are  shown  in  Figure  2  and  detailed 
in  Table  II. ^  The  exchange  parameters,  ■  -37.2  and  J'  ■  -11.2  cm  *  ajre  somewhat 
larger  than  in  the  aquo  complex,  whereas  the  ratio  J/J.'  "  3.32  is  similar  to  that  of  r.h" 

I 

aquo  complex. 

Representative  variable-temperature  (17-298  K)  Mbssbauer  spectra  of 
the  mixed-valence  aquo  complex  are  illustrated  in  Figure- 3.  At  17  K  the  spectrum  consists 
of  three  clearly  resolved  absorptions.  As  the  temperature  is  increased  the  resonant 
absorptions  coalesce  and  the  apparent  intensity  of  the  high  velocity  line  decreases.  Ilia 
final  spectrum  at  298  K  has  the  appearance  of  a  single  broadened  absorption  centered  at 
approximately  0.75  mm/s.  These  changes  are  reversible  provided  the  sample  is  not  heated 
above  room  temperature.  At  T>298  X.  we  do  not  observe  further  narrowing  of  the  MBssbauer 
absorption  but  rather  a  gradual,  irreversible  oxidation  and/or  dehydration  of  the  sample 
occurs  and  the  spectrum  broadens  as  a  result  of  the  decomposition.  Indeed,  prolonged 
heating  of  the  sample  at  373  K  in  vacuum  results  in  the  formation  of  a  spectrum  composed 
of  a  8 ingle  quadrupole  doublet  with  6  ■  0.6  mm/s  and  A  “  0.75  mm/s.  After  this  heat 
treatment  the  two  line  spectrum  persists  to  17  K. 

Although  only  three  absorptions  are  resolved  in  the  spectra  below  200  K,  it  is 
obvious  from  inspection  of  the  relative  line  intensities  that  two  absorptions  are  nearly 
coincident  at  approximately  0.1  mm/s.  The  17  K  spectrum  was  fit  to  four  absorptions 
with  the  constraint  that  one  of  the  absorptions  at  0.1  mm/s  be  equal  to  the  high  energy 
absorption  at  ca.  2.6  am/s  and  that  the  remaining  two  absorptions  also  be  equal  to  one 
another.  The  two  less  Intense  absorptions  were  found  at  0.190  and  2.589  mm/s  whereas 
the  remaining  lines  with  larger  Intensity  were  located  at  0.028  and  0.984  mm/s.  Further- 


more,  the  ratio  of  the  areas  of  the  0.984  to  the  2.589  mm/s  absorption  was  1.77.  On 

the  basis  of  calcul  .ted  quadrupole  splittings  and  isomer  shiics  the  absorptions  at 

0.190  and  2.589  mm/s  were  assigned  to  Fe(II)  transitions  (5  =  1.39  and  A  =  2.40  tm/s ) 

and  those  at  0.028  and  0.984  mm/s  to  Fe(IIl)  transitions  (6  =  0.51  and  A  =  0.98  nua/s). 

18 

Although  this  four-line  fit  is  statistically  acceptable  (R=2.3),  the  area  ratio  of 
1.77  is  significantly  less  than  the  anticipated  value  of  2.0.  This  discrepancy  is 
larger  at  higher  temperatures .  Thus,  the  Fe(III)/Fe(Il)  area  ratio  increases  to  2.60 
at  225  K  and  ca.  4.0  at  280  K.  We  do  not  believe  that  this  variable  area  ratio  results 
entirely  from  a  difference  in  the  temperature  dependence  of  the  recoillesa  fraction 
ratio  of  Fe(lII)  to  Fe(IX)  sites  in  this  material.  Rather,  we  propose  that  intramolecu¬ 
lar  Fe(ll)  — >  Fe(III)  thermal  electron  transfer  is  responsible  for  the  observed  tem¬ 
perature  dependent  MOssbauer  spectra  (vide  Infra) . 

In  order  to  theoretically  model  the  MOssbauer  spectra  shown  in  Fig.  3,  we  adopter 
the  relaxation  model  which  is  illustrated  in  Fig.  4.  The  spectral  transitions, 
are  given  in  units  of  mm/s  in  Fig.  4..  The  mathematical  formalism  which  was  applied  tc 

this  relaxation  model  is  based  on  the  quantum  mechanical  density  matrix  equations  of 

19 

notion  .dGj/dt  given  by  Wickman.  Details  of  the  mathematics  will  not  be  given  here. 
However,  it  is  important  to  briefly  sketch  the  important  computational  features  of  the 
^odel.  Theoretical  Mbssbauer  spectra  were  calculated  from  the  known  solution  to  the 
equations  of  motion,  which  is,  in  this  instance,  expressed  by  eq  4. 

i2<u>)  -  z((i+i1r1)P1  +  siR^]/(Pi2  +  R±2)  W 

In  eq  4  the  subscript  i^  refers  to  an  individual  Mbssbauer  transition  and  “ 

Ti(r2  -  (A*  -  w)2  +  6'2]  +  rit  ^  -  (A’  -  w)(l  +  2Tir±),31*  ^(A^  '  “>).  and 

rA  is  the  llnewidth  for  transition  i.  In  our  model,  relaxation  processes  occur  between 

of  3+ 

>’e  and  Fe  nuclear  energy  levels  (3+  -*-►  2+)  and  also  between  pairs  of  Fe  nuclear 
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energy  levels  (3+  3+) .  It  is  therefore  necessary  to  compute  the  MSssbauer  spectrum 

for  six  transition  frequencies  which  enter  eq  4  through  the  A^  and  terms  given  in 
eq  5.  The  model  was  constructed  with  equal  probability  for  all  transitions.  Further¬ 
more  the  3+  +->  3+  relaxation  time  was  assumed  to  be  much  longer  than  the  nuclear  excited 


5|-i(w1-w3) 

A2"**“2+‘V 

62“^(“2_a>4) 

A3“A2 

63"*(“4-“2) 

A4~Ai 

A'^i 

65-66-° 

A6-“2 

3tate  lifetime  (99.7  ns)  and  was  arbitrarily  set  at  200  ns.  Arbitrarily  longer  >»-  <-*■  3+ 
relaxatlon  times  had  no  obvious  effect  on  the  calculated  spectra.  The  linewldth  for 
2+  +-*■  3+  transitions  was  assumed  to  be  equal  to  the  natural  linewldth  (0.1946  mm/a) 
whereas  the  3+  +■*■  3+  linewldth  was  empirically  determined  to  be  0.30  ±  0.05  mm/s  and 
therefore  was  set  at  3.30  mra/s  for  all  calculations. 

2+ 

In  fitting  the  experimental  spectra  to  this  model  the  Fe  and  Fe  isomer  shifts 
and  quadrupole  splittings  were  parameterized  as  well  as  the  2+  ■*-*■  3+  relaxation  time. 
Computer  minimization  of  eq  4  resulted  in  the  theoretical  spectra  illustrated  as  smooth 
curves  in  Fig.  3.  "Best  fit"  values  of  6Fe(II),  SFe(III),  AFe(II) ,  AFe(III),  and 
t(2+  •*-*■  3+)  are  given  in  Table  III.  Values  of  t(2+  ■*-*■  3+)  calculated  in  this  manner  are 
presented  as  an  Arrhenius  activation  energy  plot  in  Fig. 5.  In  this  figure  the  open  circles 
refer  to  relaxation  times  which  were  obtained  by  direct  minimization  in  the  manner  pre¬ 
viously  outlined.  The  range  of  relaxation  time  values  at  each  temperature,  represented 
by  lines  parallel  to  the  -log(l/i)  axis,  iB  intended  to  illustrate  the  relative  uncer¬ 
tainty  in  t  according  to  this  model.  These  "uncertainty  bars"  were  obtained  by  holding 
6Fe(Il),  <5Fe(III),  AFe(II) ,  and  AFe(III)  constant  and  changing  t(2+  «-*■  3+)  until  the  sum 
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of  squares  was  doubled.  la  some  Instances,  particularly  at  the  low  and  high  temperature 
limits,  the  calculated  spectra  are  quite  insensitive  to  variations  in  i  (2+  *-*■  3+)  .  How¬ 
ever  at  intermediate  relation  times  the  spectra  are  quite  sensitive  to  rather  small 
(<\,2  ns)  changes  in  t.  In  order  to  extract  an  energy  barrier  from  these  data,  the  open 
circle  points  were  least-squares  fit  to  a  straight  line.  The  result  of  this  fit  is 
Illustrated  as  the  line  in  Fig.  5.  The  slope  of  this  line  is  303  K.  By  employing  the 
relation  E  **  2.303  k^  slope,  where  kg  is  Boltzmann's  constant,  we  obtain  an  activation 
energy  of  470  cm"1.  Because  of  the  definition  of  x(2+  -*->  3+)  in  this  model,  E  may  be 

I 

interpreted  as  the  thermal  barrier  to  electron  transfer  in  this  mixed-valence  trimer. 

The  magnitude  of  this  barrier  has  a  rather  large  uncertainty,  as  it  is  obvious  that  the 

fit  of  Figure  S  is  not  unique.  Furthermore,  non-Arrhenius  behavior  may  be  more 

20 

appropriate  in  this  case.  However,  because  the  data  at  the  high  and  low  temperature 
extremes  are  so  insensitive  to  the  choice  of  T ,  we  do  not  believe  that  the  use  of  more 
complicated,  non-linear,  fits  to  the  data  are  justified. 

Fig.  6  illustrates  the  temperature  dependence  of  the  isomer  shift  of  the  Fe(II) 
and  Fe(III)  sites,  shown  as  open  and  filled  circles,  respectively.  Because  the?e  isomer 
shifts  are  not  corrected  for  second-order  Doppler  shift  effects,  it  appears  that  the 
Fe(IT)  isomer  shift  is  decreasing  at  a  much  greater  rate  than  the  Fe(IIl)  isomer  shift 
is  increasing.  In  the  absence  of  second-order  Doppler  effects,  the  Isomer  shifts  are 
seen  to  converge  at  approximately  350  K.  The  second-order  Doppler  effect  may  be  visual¬ 
ized  by  plotting  the  average  of  the  Fe(II)  and  Fe(III)  isomer  shifts.  These  average  6 
values  are  shown  as  half-filled  circles  in  Fig.  6.  The  straight  line  drawn  through 
these  points  represents  the  high-temperature  limiting  form  of  the  second-order  Doppler 
shift  (slope  *  6.3  x  10~^  mm/s  K  1). 

The  temperature  variation  of  the  quadrupole  splitting  for  both  Fe(ll)  and  Fe(III) 
sites  is  illustrated  in  Fig.  7.  These  quadrupole  splittings  are  apparently  converging 
to  approximately  0  mm/s  between  320  and  350  K.  This  averaging  of  quadrupole  splittings 
to  zero  is  taken  account  of  in  the  model  by  assuming  that  the  |±i>  excited  nuclear  energy 
level  lies  above  the  |±3/2>  level  (see  Fig.  4);  that  is  to  say,  A  is  negative  for  the 
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Fe(II)  site  in  this  complex.  An  average  quadrupole  splitting  of  zero  in  this  case  is 
only  possible  if  AFe(II)  and  AFe(lII)  are  of  opposite  sign. 

P^ridijj^£om^l^x.  The  gross  features  of  the  variable-temperature  Mbssbauer 
spectra  of  the  pyridine  complex  are  similar  to  those  of  the  aquo  complex.  A  number 
of  details  of  the  spectra  are  different,  however.  The  representative  spectra  illus¬ 
trated  in  Fig.  8  point  out  some  of  the  differences.  Firstly,  the  pyridine  complex 
possesses  a  much  smaller  recoilless  fraction  than  the  aquo  complex.  This  smaller  JE 
value  is  reflected  in  the  statistically-poorer  pyridine  spectra.  Only  very  poorly 
resolved  spectra  were  obtained  above  200  K.  Because  of  the  poor  quality  of  the  high 
temperature  spectra,  we  were  unable  to  extract  meaningful  5,  A,  and  x  parameters 
through  application  of  our  relaxation  model.  At  lower  temperatures,  however,  we  were 
able  to  obtain  useful  spectral  parameters  for  the  relaxation  process.  These  values  are 
listed  in  Table  IV.  A  plot  of  -log(l/t)  vs  1/T  gives  an  activation  energy  of  150  cm  1 
for  the  thermal  electron  transfer  barrier  in  the  pyridine  complex.  This  value  is  how¬ 
ever  subject  to  a  large  uncertainty  because  of  the  relative  insensitivity  of  the  spectra 
to  rather  large  changes  in  t  (2+  -*-*■  3+) .  A  smaller  value  of  12  for  the  pyridine  relative 
to  the  aquo  complex  is,  nonetheless,  indicated  by  the  fact  that  the  Mossbauer  spectrum 
of  the  pyridine  complex  shows  rapid  electron  transfer  at  approximately  200  K  whereas 
this  rapid  electron  transfer  is  only  observed  at  ca.  300  K  in  the  aquo  complex. 

Infrared  spectra  for  the  mixed  valence  acetate  complexes  are  shown 

in  Figure  9,  and  band  assignments  are  listed  in  Tables  V  and  VI.  ^  Vibrations  were 
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assigned  using  the  conventions  of  Nakamoto,  and  are,  for  the  most  part,  consistent 
with  the  assignments  of  Grecu  and  Lupu.^  Of  particular  importance  is  an  absorption 
near  530  cm  ^  which  has  been  assigned^  to  the  asymmetric  stretch  of  the  Fe^O  core 
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[ v_ (Fe-0) ] .  This  same  absorption  is  present  in  the  singly- valent  Fe(III)  complexes, 

S  j 

23  -1 

although  Griffith  has  assigned  this  mode  to  an  absorption  at  588  cm  .  For  the  local 

D^h  symmetry  of  the  M^O  core,  the  symmetric  stretching  mode  [v^Fe^O)]  is  Raman,  but 

not  infrared,  active.  Although  no  Raman  data  have  been  reported  for  any  of  the  mixed- 
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valence  complexes,  Griffith  has  assigned  a  Raman  band  at  181  cm  in  the  Fe(Ill) 
complex  to  this  absorption. 

Figure  10  shows  the  room  temperature  electronic  spectrum  of 

FCjOCCH^Ct^lgO^O) ^  Broad  absorptions  at  8200  and  9700  cm  *  are  typical  of  the  FeCIIJO^ 

chromophore  and  the  singly-valent  Fe(III)  analog  exhibits  absorptions  in  this  region 
22  -1 

as  well.  We  assign  the  absorption  at  13800  cm  ,  which  is  not  present  in  the  singly- 
valent  complex,  to  an  intervalencc  transfer  band.  Intervalence  transfer  absorptions 

24 

have  been  observed  in  this  region  in  other  single-atom  bridged  Fe(II,IIX)  complexes, 
but  the  lack  of  resolution  of  this  band  precludes  detailed  analysis. 

Conclusions.  Data  obtained  from  a  variety  of  physical  methods  demonstrate  that  the 

WVAWVWV \i 

mixed-valence  Iron  (11,111,111)  acetates  undergo  dynamic  intratrimer  electron  transfer. 
Using  ^Fe  Mossbauer  spectroscopy,  rate  constants  for  the  intervalence  transfer  have 
been  determined.  Although  the  precision  is  not  high,  the  barriers  to  thermal  electron 

transfer  have  been  extracted  using  an  Arrhenius  activation  model.  Recent  theoretical 
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work  has  shown  that  many  of  the  spectnl  properties  of  mixed-valence  compounds  are 
explicable  in  terms  of  a  vibronic  coupling  model.  For  a  symmetrical  mixed-valence 
complex  (such  as  is  the  case  here)  thermal  intervalence  transfer  should  be  a  phonon- 
csslsted  process  in  which  the  ions  are  coupled  by  the  asymmetric  stretching  vibrational 
mode  of  the  Interacting  ions.  It  may  prove  possible  to  interpret  the  temperature 
dependence  of  the  fcfissbauer  spectra  using  the  vibronic  coupling  model  for  the  electron 
tr«msfer. process,  or  using  other  models  which  consider  tunnelling  transitions  explicitly. 
Such  interpretations,  however,  must  await  more  detailed  theoretical  and  experimental 
examination. 

These  compounds  have  provided  a  unique  opportunity  to  determine  directly  the 

energetics  of  thermal  electron  transfer.  This  thermal  barrier  has  been  determined  in 

26 

only  one  other  molecule  system.  Gagne  and  co-workers  have  used  EFR  measurements  to 
estimate  the  electron-transfer  rate,  and  thus  the  actuation  energy,  in  a  binudear 
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copper  (1,11)  complex.  Other  compounds,  such  as  the  Creutz  and  Taube  (C-T)  complex 

5+  27 

[(NH^J^Ru-pyr-R^NH^) ^  (pyr  ”  pytazine) ,  exhibit  apparent  thermally-activated 

electron  transfer,  but  experimental  probes  to  measure  the  barrier  directly  are  not 

available.  Thus,  although  electron  transfer  is  known  to  be  fa6t  at  room  temperature, 

99  -  -9 

on  the  time  scale  of  Ru  Mossbauer  spectroscopy  (ca.  10  sec)  valences  are  trapped 
28 

at  4  K.  The  same  types  of  information  which  we  have  obtained  for  the  mixed-valence 

99 

iron  acetate  are,  in  principle,  obtainable  from  temperature-dependent  Ru  Mossbauer 

spectroscopy.  Unfortunately,  low  recoil-free  fractions  preclude  the  observation  of 
99 

Ru  Mossbauer  spectra  at  temperatures  where  thermally  activated  electron  transfer  Is 
facile. 

The  thermal  barrier  to  electron  transfer  has  been  measured  by  using  Mossbauer 
spectroscopy  in  other  cases.  Using  *"^Eu  Mossbauer  spectroscopy,  Eu.jS^  has  been 

29 

shown  to  undergo  intervalence  electron  hopping  with  an  activation  energy  of  0.24  eV. 
Electron  hopping  in  this  system,  a  continuous  lattic  semiconductor,  can  be  correlated 
with  the  activation  energy  of  0.22  eV  determined  from  electrical  conductivity 
measurements.  The  semiconductor  has  also  been  studied  by  varlable-preaaure 

Sn  Mossbauer  spec,  roscopy.  The  results  of  this  study  are,  however,  more  consistent 
with  a  "valence  polarization"  rather  than  true  electron  transfer  in  S^S^.  Thus, 
Fe^O^H^CO^gOl^O)  ^  and  its  pyridine  analog  provide  a  unique  probe  to  the  dynamics  of 
electron  transfer  in  molecular  mixed-valence  compounds,  and  may  consequently  serve 
as  important  systems  on  which  to  focus  efforts  on  fundamental  understanding  of  the 
mixed-valence  phenomenon. 

This  work  was  supported  in  part  by  the  Office  of  Naval  Research.  We 
thank  Dr.  E.  E.  Weltin  for  helpful  discussions. 
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Table  111.  Mosebauar  Spectral  Data  for  the  Aquo  Complex. 

'WWWWV. 


T,  K  6Fe(II),  mm/ s- 

iFe(III) ,  oa/s- 

AFe(II),  mm/ s 

AFe(III) ,  an/e 

T,  08 

17.0 

1.35 

0.52 

2.52 

0.99 

>2444. 

130.0 

1.34 

0.50 

2.38 

0.95 

196. 

170.0 

1.28 

0.51 

2.28 

0.89 

116. 

200.0 

1.24 

0.49 

2.21 

0.83 

95.3 

210.0 

1.20 

0.49 

2.00 

0.79 

62.7 

225.0 

1.19 

0.52 

1.70 

0.74 

21.5 

235.0 

1.14 

0.52 

1.64 

0.72 

22.0 

245.0 

1.15 

0.54 

1.66 

0.72 

20.4 

260.0 

1.14 

0.54 

1.56 

0.68 

18.0 

280.0 

1.06 

0.55 

1.10 

0.58 

11.6 

298.0 

0.99 

0.56 

0.77 

0.24 

2.5 

-  Relative  to  a-Fe 
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Mo**b«u*r  Spectral  Data  for  tha  Pyridine  Complex. 


T,  K 

6Fe(II) ,  mm/ 8- 

$Fe(III),  tan/ 8- 

AFe(II),  mm 

/b  AFe(III),  mm/s 

x ,  ns 

16.8 

1.18 

0.56 

2.85 

1.08 

>200. 

50.0 

1.14 

0.55 

2.80 

1.06 

11.5 

75.0 

1.16 

0.55 

2.61 

1.06 

11.7 

130.0 

1.17 

0.52 

2.39 

1.12 

9.7 

195.0 

1.05 

0.51 

1.80 

1.06 

8.0 

200.0 

0.91 

0.50 

1.77 

1.03 

5.4 

-  Relative  to  o-Fe. 
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Fig.  1.  Molar  magnetic  susceptibility  and  effective  magnetic  moment  vs  temperature 
for  [Fe(II)Fe(III)20(CH-C00)6(H20)-].  The  solid  line  gives  the  theoretical 
fit  to  the  HDVV  model  with  S,  ■  S-  ■  5/2  and  S„  »  2  with  J  "  -50.0  cm 
J’  -  -14.5  cm"1  and  £  -  2.00.  J 

Fig.  2.  Molar  magnetic  susceptibility  and  effective  magnetic  moment  vs  temperature 

for  [Fe(II)Fe(III)20(CH_C0O),(C5H,N)3]  (C5H  N)  .  The  solid  line  gives  the 
theoretical  fit  to 'the  BDW  model  with  S,  -  S,  -  5/2  and  S-  «  2  with  J  - 
-37.2  cm-1,  J'  -  -14.5  cm"1  and  £  -  2.007 

2 

Fig.  3.  Variable-temperature  MBssbauer  spectra  of  the  aquo  complex  (9  mgFe/an  , 

sample  dispersed  in  vaseline).  The  solid  lines  represent  theoretical  fits 
obtained  by  using  the  relaxation  model  described  in  the  text. 

Fig.  4.  An  illustration  of  the  relaxation  model  employed  to  calculate  MBssbauer 
spectra  for  the  mixed-valence  acetate  trimers. 

Fig.  5.  A  plot  of  -log(l/t)  vs  1/T  for  the  aquo  complex.  The  "uncertainty  bars" 

are  described  in  the  text.  The  straight  line  is  a  least-squares  fit  to  the 
open  circles  and  results  in  an  activation  energy  of  470  cm-1. 

Fig.  6.  A  plot  of  the  temperature  dependence  of  derived  Isomer  shifts  for  the  Fe(ll) 
(open  circles),  Fe(III)  (filled  circles),  and  average  oxidation  state  (half 
filled  circles)  sites  in  the  aquo  complex.  The  solid  line  represents  the 
second  order  Doppler  shift  correction  to  the  isomer  shift  of  the  average 
oxidation  state. 

Fig.  7.  A  plot  of  the  temperature  variation  of  the  derived  quadrupole  splittings 

of  the  Fe(II)  (open  circles)  and  Fe(III)  (filled  circles)  sites  in  the  aquo 
complex. 

Fig.  8.  Representative  variable-temperature  Mossbauer  spectra  of  the  pyridine  mixed- 
valence  trlmer.  The  solid  lines  represent  theoretical  fits  obtained  by 
using  the  relaxation  model  described  in  the  text. 

Fig.  9  Infrared  spectra  of  the  mixed-valence  acetate  complexes. 

Fig.  10  Room  temperature  electronic  spectrum  of  Fe30(CH.jC02)6(H20) y 
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